There has been a tremendous amount of research in the past decade to optimize the mechanical properties and degradation behavior of the biodegradable Mg alloy for orthopedic implant. Despite the feasibility of degrading implant, the lack of fundamental understanding about biocompatibility and underlying bone formation mechanism is currently limiting the use in clinical applications. Herein, we report the result of long-term clinical study and systematic investigation of bone formation mechanism of the biodegradable Mg-5wt%Ca-1wt%Zn alloy implant through simultaneous observation of changes in element composition and crystallinity within degrading interface at hierarchical levels. Controlled degradation of Mg-5wt%Ca-1wt%Zn alloy results in the formation of biomimicking calcification matrix at the degrading interface to initiate the bone formation process. This process facilitates early bone healing and allows the complete replacement of biodegradable Mg implant by the new bone within 1 y of implantation, as demonstrated in 53 cases of successful long-term clinical study.
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biodegradable implant | bone formation | clinical application T he century-old concept of the fixation device that holds the fractured bones in place to allow repair through the natural bone remodeling process is still being practiced today without alteration (1) (2) (3) (4) (5) . The recent rapid growth of the elderly demographic of physically active adults has tremendously intensified the occurrence of bone trauma cases, highlighting once again the major drawbacks of current surgical approaches and osteosynthesis systems, such as inevitable secondary surgery to remove the inert fixation devices after complete bone healing and inflammatory response due to the release of metal ions. In the past decade, countless studies have been performed to control and optimize the mechanical and corrosion properties of magnesium-based alloys (6) (7) (8) (9) , which, thanks to their degradation in the physiological environment, could overcome the limitations of inert implant materials and shift the paradigm of conventional bone fixation devices toward new horizons. Driven by these new possibilities, important findings regarding, among others, the degradation mechanism of Mg-based alloys (10, 11) , the formation of corrosion protective layers by degradation products (12, 13) , and the osteogenetic properties of Mg ions (14, 15) have been reported in the literature. However, such findings are based on the observation of degradation products and of bone healing at the macroscale level. Due to lack of fundamental understanding on biocompatibility and underlying bone formation mechanism of the degradation product, there is so far only one known case of statistically insignificant clinical study result (16) with a short-term follow-up. In our previous study, we reported successful development and long-term in vivo study of uniformly slowly degrading Mg-5wt%Ca-1wt%Zn alloy system (SI Appendix, Figs. S1 and S2) featuring adequate mechanical strength [ultimate tensile strength (UTS) ∼250 MPa] (17) and containing Ca, known to stimulate the formation of bone, and Zn, known to influence the remodeling of bone (18) .
Herein, results from open-label interventional long-term clinical study of biodegradable Mg-5wt%Ca-1wt%Zn alloy screws for hand and wrist fractures are reported to demonstrate the clinical efficacy, safety, and feasibility. Furthermore, to identify the fundamental mechanisms by which Mg-5wt%Ca-1wt%Zn alloys promote new bone formation at multiscale levels of the same region, we combined Villanueva staining technique with nanoanalytical imaging methods based on SEM and transmission electron microscopy (TEM). Particularly, cover glass-free tissue slides were prepared to permit the observation of exactly the same region from macro-to micro-to nanoscale using three different analytical microscopes allowing the complete and thorough analysis of the Mg alloy-bone interface from a metallographic perspective. Such an approach allowed, to our knowledge for the first time, to systematically investigate the bone formation and to
Significance
In the past decade, countless studies have been performed to control the mechanical and corrosion property of magnesiumbased alloy, which degrades in the physiological environment, to overcome the flaws of the inert implant materials and shift the paradigm of conventional bone fixation devices. Controlled degradation of Mg-5wt%Ca-1wt%Zn alloy results in the formation of biomimicking calcification matrix at the degrading interface to initiate the bone formation process. This process facilitates early bone healing and allows the complete replacement of biodegradable Mg implant by the new bone within 1 y of implantation, as demonstrated in 53 cases of successful long-term clinical study. monitor the changes occurring at of the interface between Mg alloy and bone by analyzing element composition and crystallinity using histology, TEM, and SEM.
Results
Hierarchical Multiscale Analysis of the Implant-Bone Interface. Villanueva staining is a histological technique for undecalcified tissue and allows the observation of highly reactive Mg alloy interface without the occurrence of additional corrosion reactions caused by the staining agents itself. The examination of the distinguishable acellular bone matrix, which is nearly impossible through conventional histological method using optical microscopy (19) , could be performed using Villanueva stain and fluorescence microscopy (SI Appendix, Fig. S3 ). Along with typical histomorphometric evaluation, by s.c. administering calcein (CA) as a fluorescent dye, it was possible to clearly distinguish the location of newly formed bone from previously existing bones (20) . Fig. 1A shows the interface of Mg alloy at 8 wk postimplantation, and an area where new bone formation was observed was farther investigated at higher magnifications by both light and fluorescence microscopy ( Fig. 1 B and C) . Observation of these regions revealed a close relationship between the new bone formation and calcified matrix consisting of calcium phosphates and Mg alloy degradation products (21) . Bone formation activities of osteoblasts (OB) following the resorption of osteoclasts (OC) were evident in the calcified matrix on the interface, which is in contact with the bone and scalloped cement line (Fig. 1B) (22, 23) . These new bone formation lines suggest favorable bone formation by the Mg-degradation by-products, further supported by the in-depth analysis at micro and nano levels using SEM (Fig. 1D and 2A) and TEM ( Fig. 2 B and C) .
SEM and TEM Analysis of the Implant-Bone Interface. To investigate the chemical changes in the newly generated tissues during the Mg alloy degradation process, five different regions at increasing distance from the implant were identified based on chemical composition changes from the merged image of the fluorescence and SEM images as shown on Fig. 2A , i, and energy-dispersive X-ray spectroscopy (EDX) analysis were performed ( Fig. 2A, ii) . Region I, which is located right next to Mg alloy, contained a lot more Mg and O than Ca and P. As previously reported in various in vitro biocorrosion studies, this region was identified as the well-known degradation by-product, Mg(OH) 2 layer (10, 11). Relative intensities of Mg, O, Ca, and P peaks were quantitatively measured from the implant surface to the 220-μm distance from the surface using EDX analysis. We found that the relative peak intensities of Mg and O decreased along the distance from the implant surface. Mg peaks were sharply decreased ∼30 μm from the implant surface, and no Mg peaks were observed ∼150 μm from the implant surface. O peaks gradually decreased from the implant surface without an apparent sharp decrease. However, Ca and P peaks increased along the distance, and both peaks showed drastic increase ∼30 μm from the implant surface. Additionally, both peak intensities remained constant to 120 μm from the implant surface, and intensities again decreased to nearly zero ∼150 μm from the surface. Such increase of Ca and P in region II indicated deposition of calcification matrix in place of the degradation product, and it is distinguishable by the difference in green color contrast of the region I. Region III shows a bone area having similar elemental composition to region II but a different green fluorescence signal, possibly related to a change of the crystallinity of calcium phosphates, which will be discussed in detail in the latter part of this manuscript. Redcolored osteoid region (region IV) does not contain Ca or P, indicating a lack of mineralization (24) . Results from fluorescent histology, images from SEM, and distribution of composition from EDX mapping (SI Appendix, Fig. S4 ) clearly showed that region V is identical to the bone area in region III.
Focusing on the three regions that showed large compositional differences as observed by SEM and histology, four specific points (arrowheads on Fig. 2A , i) were selected, and microstructural crystallographic characterizations were performed using TEM. As shown in Fig. 2B , selected points included Mg and O-rich area from region I, center of Ca, P-rich area from region II, Ca, P-rich area from scalloped cement line within region II (region II′), and bone area from region III.
Region I (Fig. 2B , i) had an amorphous structure with a broad ring pattern observed by selected area diffraction (SAD), which indicates the accumulation of amorphous Mg and O-rich compound at the surface of Mg alloy, where degradation occurs by electrochemical reaction (SI Appendix, Fig. S5 ). Interestingly, region II also showed an amorphous ring pattern (Fig. 2B , ii) whereas region II′ (Fig. 2B, iii) consisted of crystalline calcium phosphate phase with clear observation of (002) and (211) planes (SI Appendix, Fig. S6 ). In addition, region III (Fig. 2B, iv) had typical bone-like microstructure, and observation of SAD pattern revealed (002) and (211) planes, which has bone-specific c-axis orientation. The most intriguing information obtained from the structural observation through TEM is found within region II′, which indicates crystallization of Ca, P-rich phase before development of mature bone tissue. The presence of a scalloped cement line in the vicinity of the Ca, P-rich region II′, with a crystalline structure similar to the bone, suggests proper bone formation initiated by recruitment of OC that recognized region II′ as natural bone.
Bone Formation During Biodegradation of Mg Alloy Implant. Biodegradation of Mg alloy implant occurs continuously throughout the implantation period (SI Appendix, Fig. S7 ), and the vacant degradation site is occupied by a calcified matrix that is later resorbed and substituted by new bone (Fig. 3 and SI Appendix, Fig. S8 ). In general, biodegradation of Mg alloy implant occurs throughout the implantation period and the volume is gradually reduced as time progress from 8 to 26 wk (SI Appendix, Fig. S7 ). The above-mentioned Mg alloy-bone interface also shifts to the implant center as implantation time is prolonged, and ∼15% shift was observed from the original surface line after every 8 wk of implantation period. At 16 wk, ∼30% shift was made, and ∼45% shift was observed after 24 wk (Fig. 3) . As shown in SI Appendix, Fig. S8 , degraded volume and shifting Mg-bone interface is followed by the formation of calcification matrix, resorption of calcification matrix by the OC, and bone formation by OB, and gets replaced with degradation products and new bone. The apparent wave-like progress of the implant degradation surface is due to the difference in speed of simultaneously occurring bone remodeling cycle, which depends on the location of the bone. Throughout the entire degradation process, simultaneous repetitive reactions and biological processes allow the Mg alloy implant to degrade and consistently structure interface layers where new bone deposition is performed. Thus, regions I-V shown in Fig. 2A are always observed during such process. The above-mentioned bone formation aiding mechanism of Mg alloy degradation led to series of positive results from the in vivo studies, and bone formation aiding ability of Mg alloy can be compared with the conventional titanium implant, as shown in SI Appendix, Fig. S9 .
Long-Term Clinical Observation. Fundamental findings of this study and the successful outcome of 53 clinical trial cases performed at Ajou University Hospital (Suwon, Korea) provide solid scientific rationale and demonstrate the endless possibility of biodegradable implant devices. Fig. 4 shows the radiographic images of selected 1-y follow-up of the 29-y-old female patient. Surgical fixation of distal radius was performed with Mg-5wt%Ca-1wt%Zn screw (SI Appendix, Fig. S10 ), and two conventional stainless steel pins were used to fix the scaphoid fracture (Fig. 4B, i and ii). After 6 mo of surgical fixation (Fig. 4B, iii) , the distal radius fracture is completely healed with a small radiolucent area in the screw insertion site. The cortical continuity is observed and the diameter of the inserted Mg alloy screw was significantly reduced. The patient did not feel any discomfort or pain throughout the entire study. At 1 y postoperation (Fig. 4B, iv) , the distal radius fracture is completely healed and it is nearly impossible to differentiate the remaining Mg alloy screw from new surrounding bones. A 3D schematic provides a clear overview of the case (Fig. 4C) , and similar positive results were observed for all other clinical cases without a single failure (SI Appendix, Figs. S11 and S12). After 12 and 6 mo of implantation, patients involved in 53 cases of clinical trials initiated in July 2013 returned to their everyday life and career without any sign of pain, and pain level according to the Visual Analog Scale was ∼1.38 ± 1.1 (Table 1) . Patients did not show decrease in range of motion, and gained back normal range of grip power. The disabilities of the arm, shoulder and hand (DASH) was measured to be 29.82 ± 4.4 at 6 mo. All patients involved in the clinical study showed normal healing rate without any sign of pain.
Discussion
Detailed formation pathways of three regions (I, II, and II′) from the degrading interface can be considered as follows. At first, corrosion of Mg alloy surface enables a series of reactions within the physiological environment leading to the formation of the amorphous Mg and O-rich compound, Mg(OH) 2 , as supported by the elemental analysis of region I. Indeed, previous reports observed similar formation of Mg(OH) 2 precipitates around the degrading Mg surfaces (25, 26) . With the experimental evidences, Mg-Ca-Zn alloy degradation and formation of by-product can be described from the thermodynamic point of view. Considering that our alloy is mainly composed of Mg, the dominant anodic reaction by the degradation of our alloy in aqueous solution at pH of ∼7.4 can be represented as follows:
Formation of hydroxyl ions resulting from reaction of Eq. 1 increases the local pH at the initial degrading interface of Mg alloy. Simultaneous increase in pH and Mg ion concentration will reach a critical point, moving the solubility equilibrium of Mg toward the production of precipitated Mg(OH) 2 (21) .
The equilibrium constant, 2 . In this light and based on the results of EDX elemental profiles ( Fig. 2A, ii) , region Case was considered distinct if same patient received screw in different location. *Visual analog scales ranging from 0 (no pain) to 10 (worst possible pain). † Disabilities of the arm, shoulder, and hand ranging from 0 (no disability) to 100 (extreme disability).
I shown in Fig. 2 can be expected (28) . Similar with the Mg(OH) 2 , as pH increases, the thermodynamic driving force leading to formation of solid precipitates increases as well. However, it should be noted that increase in Mg 2+ did not promote the formation of hydroxyapatite, contrary to the case of Mg(OH) 2 . According to the results from TEM/EDX analysis (Fig. 2C) , Mg from Mg + Ca + P fraction clearly decreased due to the diffusing process as one move away from the Mg implant surface toward the native bone. In contrast, Ca showed an opposite trend and increased as the Mg decreased. In this regard, we believed that higher Mg ion concentration in region I results in dominant formation of Mg(OH) 2 phase, whereas calcium phosphate formation becomes the more dominant pathway in lower Mg ion concentration region, region II and II′.
It is intriguing that region II is comprised of amorphous calcification matrix, considering that crystalline calcium phosphate is a more thermodynamically stable phase than its amorphous counterpart. The reason for the first appearance of amorphous calcium phosphate (ACP) before crystalline one can be hypothesized as follows. First, because the amorphous structure is more similar to that of liquid solution, the kinetic energy barrier for the formation of amorphous structured ACP is expected to be lower than that of crystalline HA, and, consequently, ACP can be formed before HA. Preferential formation of thermodynamically metastable phase, followed by transformation to thermodynamically stable phase due to lower energy barrier, is well known as the Ostwald step rule (29) . Moreover, previous reports showed that Mg ion can effectively stabilize ACP by adsorbing onto the ACP, and this stabilization retards phase transformation of ACP into HA. All of these explanations might cause preferential formation of amorphous ACP, which in turn transforms to thermodynamically more stable crystalline HA. After maturation, microcrystal of crystallized calcium phosphates (CCPs) are known to form from ACPs (30, 31) , leading to the appearance of newly formed crystalline regions such as region II′ observed in Fig. 2 . CCP in region II′ (Fig. 2B, iii) exhibits low Mg content, similar to that of native bone region.
It is noteworthy that physiological homeostasis processes locally lower high pH values to the normal pH range, cyclically fostering the formation of ACP from Mg(OH) 2 and the degradation of Mg, according to Eqs. 1 and 2. Throughout the entire degradation process, these simultaneous repetitive reactions allow the Mg alloy implant to degrade continuously and maintain a consistently structured degradation interface formed of different layers made of Mg, MgOH 2 , ACP, and CCP progressively evolving from the implant surface toward the natural bone. In short, degradation products formed at the Mg alloy interface results in CCP similar to the bone and get resorbed by the OC to induce bone formation by the OB. Such stable structure of Mg alloy is deemed to be most suitable for biodegradable material and it is one of the key reasons behind the success of clinical progression in this study.
Previously reported in vivo studies have shown severe bone softening during the initial stage of implantation caused by the formation of a fibrous membrane around the load-bearing implant, despite the favorable bone formation phenomena by biodegradation of Mg alloy (32) . However, successful bone formation outcome with minimal bone softening, which eventually gets replaced by the bone completely, can be obtained by minimizing the initial loading as shown in our clinical results.
Even though very limited scope of fracture cases were selected for the clinical examinations, it was difficult to apply one definite criterion over various bones of the hand and wrist fractures. However, due to their similarity in size, shape, and bone-healing mechanism, one can assume that the bones in hand and wrist fracture undergo a similar bone-healing process. In all 53 cases, fracture reunion was achieved within ∼4-6 wk, and range of motion of the hand measured 6 mo after surgery was restored to nearly the same extent compared with the contralateral hand. Observation of X-ray images show a temporary shading of implant surroundings due to hydrogen gas formation. After implantation, very limited amounts of hydrogen gas were observed around the head part of the Mg alloy screw, which disappeared by being absorbed into surrounding in ∼2-4 wk after surgery. Formation of gas cavities at the implantation site due to degradation process of Mg have been reported in several studies (33, 34) . From a clinical perspective, such gas cavity formation would be detrimental for bone-and wound-healing processes (34) . However, a 1-y follow-up study of Mg-Y-Re-Zr alloy in rabbit showed no bone erosion due to gas cavities (33) . In our clinical study, the X-ray images at the early stage of implantation have shown atypical shades of surrounding bones and possibly an absence of cancellous bone surrounding the implanted screw. Such area increased and the dark shades reached its maximum size at 2-3 mo; it was then gradually reduced to be barely visible at 6 mo postoperation and was completely gone, along with the implanted screw, after 12 mo. Results from our in vivo study using Villanueva stain have proved that atypically shaded areas
were not yet fully mineralized and matured bones, and X-ray images of patients at 6 mo and 1 y have concurred with the findings from the in vivo animal study. The clinical follow-up was done by X-ray in this work, with the consequence that exact degradation progress could not be monitored. In future works, we envisage to use CT scan so to be able to quantitatively assess the degradation rate of the implant.
In conclusion, a complete bone healing from biodegradable implant shown in our 1-y follow-up of clinical trial could be explained by the continuous degradation of Mg alloy and formation of biomimicking calcification matrix (CCP) at the degradation interface, which initiate the bone formation process. Simultaneous bone formation at the Mg alloy-bone interface allows slow yet controlled degradation of Mg alloy implant that, within 1 y, gets completely replaced by the new bone. Therefore, findings from this study provide new detailed understanding of the mechanisms by which biodegradable Mg alloy degradation can promote the process of new bone formation in substitution to the degrading fixation device. Importantly, results from the clinical trial reported herein suggest that the use of biodegradable Mg-based devices can avoid the necessity of a second surgical procedure, thus greatly improving the quality of life of the patients and shifting the century-old paradigm for bone fixation devices.
Methods
Preparation of Preclinical Examination Through in Vivo Model. All in vivo studies performed for this study have been reviewed and approved by the Animal Care and Use Committee (IACUC no. 2013-14-158) of Asan Medical Center. Animal models for 8-wk (n = 10) and 16-wk (n = 10) experiments were as follows: 12-wk-old New Zealand White rabbits weighing 2.5∼3.0 kg were purchased (OrientBio) a week before the surgical procedure for habituation at Asan Medical Center. Zoletil (10 mg/kg; Virbac SA) and xylazine (5 mg/kg; Bayer Korea) were mixed at 2:1 ratio and i.m. injected as anesthesia. Minimally invasive incisions were made on the right femoral condyle, and an electric drill was used to create a hole of 2 mm in diameter and 6 mm in depth. After cleaning the holes with 0.9% sterile saline, Mg-5wt%Ca-1wt%Zn alloy cylinder specimens (Ø 2 × 6 mm) were implanted. Incision was sutured with 5-0 black silk. The same procedures were performed for the left femoral condyle but cylindrical rods (Ø 2 × 6 mm) made of Ti6Al4V were implanted instead as controls. Rabbits were administered to the postsurgical unit after the surgery and monitored according to in-house regulations. Both incision sites were sterilized daily with antiseptic, and cefazolin (20 mg/kg) and ketorolac (1 mg/kg) were injected i.m. daily for a week as antibiotic and anti-inflammatory therapy. Incisional wounds were healed completely 4 wk postoperation. Animal models for 26-wk experiments (n = 5) went through the same surgical procedures as the 8-and 16-wk models, but received implantation of Mg-5wt%Ca-1wt%Zn cylindrical specimens (Ø 2 × 6 mm) on both femoral condyles. Calcein (10 mg/kg; Sigma C-0875) was s.c. administered 1 wk and 2 d before euthanasia. X-ray images of implantation sites were obtained and 3 mL of KCl (150 mg/mL) were i.v. administered as euthanasia. Implanted samples were extracted and placed in 99.99% (vol/vol) ethanol (EtOH). EtOH was changed every 12 h for 3 d for fixation.
Histological Analysis. Histological slide preparations were carried out at the Ito Bone Histomorphometry Institute (Niigagta, Japan). Samples gathered from the animal models were placed in Villanueva bone stain solution for 4 d and dehydrated in sequence using EtOH according to the laboratory protocol (35) . Dehydrated samples were embedded in methyl methacrylate resin for 20 d at 30∼40°C to create bone blocks. Vertical cross-sectional images of bone blocks were obtained using μCT (SkyScan 1172) and hard tissue cutter (crystal cutter/diamond wheel; Maruto Co.) was used to cut the bone blocks into 300-μm sections that matched the dimension/planes from μCT images. Hard tissue grinder (grinding machine) was used to reduce the sections to 100 μm and then hand-polished to obtain 20-to 30-μm-thick tissue slides. Obtained slides were analyzed by optical (visible light) and fluorescence microscopy (OLYMPUS BX-53).
SEM/EDX. After examination of Villanueva staining, the compositional analysis of the same specimen was performed by EDX using FIB/SEM (Quanta 3D; FEI). EDX line profile and mapping were performed at 800× magnification and 15 kV.
TEM/EDX. For the microstructural analysis by TEM, specimens were prepared using Focused Ion Beam (Nova 600-NanoLab; FEI); then, bright-field images, SAD patterns, and EDX analysis were acquired with Tecnai F20 (FEI) at 200 kV.
Electron diffraction profiles were obtained from the SAD patterns using PASAD, a DigitalMicrograph plug-in.
Clinical Trial. Following the clinical trial approval from the Korea Food and Drug Administration (KFDA Clinical Trial Approval for Medical Device no. 362), open label interventional study of developed biodegradable Mg alloy screws were conducted at Ajou University Hospital for patients with hand fractures requiring internal fixation. Subjects were recruited by a campaign that used print, Web, and radio advertisements. Patients were first screened by telephone, and qualifying patients were referred to study sites for further evaluation. All of the patients involved in this study participated voluntarily, and informed consents were obtained. Subjects were chosen from the pool if aged 20 y or older and there was no history of chronic bone disease. Patients were excluded from the pool if he or she had a severe infection, a severe soft tissue injury, comminuted fractures, open fracture, major systemic diseases (cancer, systemic metabolic disease), kidney disease with a blood Cr level higher than 1.4, or a disease that could affect the bone-healing process. After the surgery, outpatient visit follow-up was performed at 1 wk, 2 wk, 1 mo, 2 mo, 3 mo, 6 mo, and 1 y. Validation of bone fusion was conducted after 6 mo, and the safety evaluation was constantly performed until the end of clinical trial process at 1 y. Splints were removed after 2-3 wk postoperation, and patients were allowed to perform everyday activities depending on progress of bone union for the next 2-3 mo. Patients were allowed perform professional activity, muscle-using leisure activity, and sports after 3 mo postoperation with confirmation of bone fusion. Along with bone fusion assessment at 6 mo, passive range of motion, total active motion, hand grip power, DASH scale, and VAS scale were also measured. DASH scale was calculated using 30-item questionnaire answered by the patient subjects comparing physical function and symptoms before and after the surgery. The pain VAS was completed using 0-10 scores.
